The use of magnetic resonance imaging (MRI) alone for radiation planning is limited by the lack of electron density for dose calculations. The purpose of this work is to evaluate the dosimetric accuracy of using bulk electron density as a substitute for computed tomography (CT)-derived electron density in intensity-modulated radiation therapy (IMRT) treatment planning of head and neck (HN) cancers. Ten clinically-approved, CT-based IMRT treatment plans of HN cancer were used for this study. Three dose distributions were calculated and compared for each treatment plan. The first calculation used CT-derived density and was assumed to be the most accurate. The second calculation used a homogeneous patient density of 1 g/cm 3 . For the third dose calculation, bone and air cavities were contoured and assigned a uniform density of 1.5 g/cm 3 and 0 g/cm 3 , respectively. The remaining tissues were assigned a density of 1 g/cm 3 . The use of homogeneous anatomy resulted in up to 4%-5% deviations in dose distribution as compared to CT-derived electron density calculations. Assigning bulk density to bone and air cavities significantly improved the accuracy of the dose calculations. All parameters used to describe planning target volume coverage were within 2% of calculations based on CTderived density. For organs at risk, most of the parameters were within 2%, with the few exceptions located in low-dose regions. The data presented here show that if bone and air cavities are overridden with the proper density, it is feasible to use a bulk electron density approach for accurate dose calculation in IMRT treatment planning of HN cancers. This may overcome the problem of the lack of electron density information should MRI-only simulation be performed.
used for contouring, while CT images are used for dose calculation and accurate spatial information. MRI simulation without CT is desirable, as it would remove uncertainties introduced by image fusion, simplify logistics, and eliminate X-ray dose to the patients from CT.
Accurate information on electron density is considered to be crucial in radiation therapy dose calculations when significant inhomogeneities are present. The electron density within a patient ranges from nearly zero (airways) to almost twice that of water (cortical bone), with an average near water density. CT provides voxel-based electron density, which is used for inhomogeneity corrections by treatment planning systems. In the absence of CT-derived electron density (i.e., MRI alone), assigning bulk electron density to various tissues may still result in accurate dose determination.
There have been several studies comparing dosimetry of treatment plans based on CT-derived electron density to those based on bulk electron density. (9) (10) (11) (12) (13) (14) (15) (16) To date, most of them have been limited to brain (9) (10) (11) (12) and pelvis, (13, 14) where there are relatively few inhomogeneities. The patient is either assumed to be homogeneous and water-equivalent, or bone is contoured and assigned an appropriate density while the rest of the patient is assumed to be water-equivalent. In these sites, the use of bulk electron density is feasible with dosimetric results similar to plans based on voxel-by-voxel density provided by CT. Recently, more complicated sites like thorax (15) and head and neck (15, 16) have also attracted attention. The lung and air cavities are contoured in addition to bone and assigned specific density. Again, the results are encouraging. We would like to investigate application of this approach to the head and neck (HN) region, which is known to benefit significantly from MRI imaging. HN includes heterogeneities ranging from airways to cortical bone. It contains a large number of organs at risk (OAR) and, consequently, demands a high level of accuracy in the dose calculations.
To improve accuracy, it is preferable to segment as many tissue types as possible and assign them appropriate density. Unfortunately, such approach is not practical. A more realistic approach is to contour limited number of tissues, whose segmentation can potentially be automated. Intensity-modulated radiation therapy (IMRT) is becoming the standard of practice for HN cancers. With multiple beams used in IMRT, the impact of various heterogeneities encountered in the HN region on the overall dose may be reduced. Hence potentially high dosimetric accuracy may be achieved by using a limited number of bulk densities.
The purpose of this study was to evaluate the dosimetric accuracy of IMRT treatment planning of HN cancers using three bulk densities: 0 g/cm 3 for air cavities, 1.5 g/cm 3 for bone, and 1 g/cm 3 for all other tissues. In this study, no MRI images were used for the dose calculation. Instead, CT images with overridden density were used. In this way, the effects of gradient distortion and volumetric uncertainties associated with MRI could be eliminated, while allowing a direct comparison of the dose distribution with and without bulk densities. We also calculated dose distribution using homogeneous water-equivalent anatomy to assess the need for bone and air cavities bulk density overrides.
II. MAtErIALS And MEtHodS
Ten clinically approved IMRT treatment plans for HN cancer were chosen (Table 1) to encompass various scenarios in IMRT treatment planning. The plans differed by the site being treated, the number of beams (5 to 8) and beam configurations (all coplanar or not). Primary planning target volume (PTV) referred to the PTV associated with gross tumor volume, while secondary PTV referred to the PTV associated with the subclinical component of the disease excluding the primary PTV. The energy of all the beams was 6 MV.
The dose calculations were done in the Pinnacle 3 treatment planning system Pinnacle 8.1x (Philips Medical Systems, Fitchburg, WI) using the Collapsed Cone Convolution Superposition algorithm. Three dose distributions were calculated for every treatment plan. All three calculations utilized identical beam parameters. The first dose distribution was calculated using CT-derived electron density. It is referred to as "heterogeneous". The second dose distribution assumed a uniform patient density of 1 g/cm 3 and is referred to as "homogeneous". For the third dose distribution, bone and air cavities were contoured and assigned density of 1.5 g/cm 3 and 0 g/cm 3 , respectively. The density for the rest of the tissue was set to 1 g/cm 3 . The third distribution is referred to as "bulk density". The contouring was done with the auto-threshold tool in Pinnacle. The threshold was set to 200 HU for bone. For air cavities, the threshold minimum was set to -1000 HU and the threshold maximum to -900 HU. In some cases, these thresholds resulted in parts of the immobilization devices being included into the contours, thereby necessitating a manual edit. If the original treatment plan contained density overrides due to implants (e.g., dental fillings) and artifacts, the density overrides were kept the same in all the calculations.
Following calculations, the dose distributions were compared with the help of the following dose-volume parameters: D mean -mean dose delivered to PTV or OAR; V95% -volume of the PTV receiving 95% of the prescribed dose; D min -minimum point dose delivered to PTV; D min (2 cc) -minimum dose delivered to 2 cm 3 of PTV; D max -maximum point dose delivered to PTV or OAR; D max (2 cc) -maximum dose delivered to 2 cm 3 of PTV or OAR. Table 2 presents data describing dose coverage of primary and secondary PTVs in ten patients. Patient #4 did not have a secondary PTV. The numbers in the Table are the percentage deviations of the homogeneous and bulk density plans from the heterogeneous distribution.
III. rESuLtS
In many cases, the dose coverage of the PTV predicted by homogeneous distribution differed substantially from that obtained with CT-derived density. The dose calculation uncertainty below 2% is often considered insignificant in overall uncertainty of the dose delivery. (17) For homogeneous calculations, at least one dose-evaluation parameter describing PTV coverage differed by 2% or more for seven out of ten patients. The largest deviation was observed for patient #1 where the maximum point dose (D max ) to primary PTV was 4.7% greater than in heterogeneous case. Note that the clinically significant volume of 2 cm 3 had a deviation that was still above 4%. Figure 1 shows an example of this discrepancy. The three dose distributions shown are heterogeneous ( Fig. 1(a) ), homogeneous ( Fig. 1(b) ), and bulk density ( Fig. 1(c) ). Since attenuation due to bone is underestimated by the homogeneous plan, the volume of the PTV covered by 7490 cGy is significantly larger than in heterogeneous plan. Assigning bone a density of 1.5 g/cm 3 in the bulk density plan corrects the problem, reducing maximum point dose deviation from 4.7% to 0.8%.
For the bulk density calculations, all the dosimetric parameters were within 2% of the heterogeneous dose calculations, with most of the parameters being within 1%. Only two patients showed deviations exceeding 1%. In patient #1, maximum dose to 2 cm 3 of tissue in primary PTV was 1.1% higher than in heterogeneous plan. In patient #6, maximum point dose to both primary and secondary PTV was higher by 1.4% and 1.6%, respectively. Note that in the case of patient #6, the deviation dropped to 0.4% for both PTVs if dose to 2 cm 3 of tissue was considered. Table 3 presents data describing dose delivered to OARs. The numbers shown are the percentage deviations of the homogeneous and bulk density plans from the heterogeneous distribution. While HN region contains many OARs, we limited ourselves to the ones that were contoured in the original treatment plans: spinal cord, brain, brainstem, parotid, eye, optic nerve, optic chiasm, and mandible. Not all the OARs were present in all the plans. This usually meant that the dose to the particular OAR was deemed to be too small even before the treatment plan was created to be of concern, or the OAR was part of PTV. We did not collect dosimetric data for "missing" OARs, based on the assumption that the OARs contained in the original treatment plan were the ones that influenced physician's decision to approve the plan.
Trends for OARs were similar to those observed for PTV. For homogeneous calculations, there were dosimetric parameters that deviated by at least 2% in eight out of ten patients. The largest deviations exceeded 5% (spinal cord, eye, optic nerve). Mandible was the only OAR with deviations not exceeding 2% in homogeneous treatment plan. Note that dose to mandible was calculated only for one patient. If more patients were involved, we would probably see deviations above 2%. If bulk density was used, then only patient #7 demonstrated deviations exceeding 2%. If this patient's data were omitted, then maximum deviation for bulk density calculations was 1.5%, with most of the deviations being less than 1%. In the case of patient #7, spinal cord, eye, and optic nerve showed deviations larger than 2% when bulk density was used. For the spinal cord, there was only one treatment beam (noncoplanar) propagating through it (see Fig. 2 ). The rest of the beams were superior to the spinal cord. The attenuation of the noncoplanar beam before it reached the cord was overestimated because it propagated through the volume with tissue density significantly below that of water, but not low enough to consider it air cavity. Since the rest of the beams did not intersect with the spinal cord, the averaging effect of many IMRT beams was absent. As a result, the maximum point dose was underestimated by 4.0%. But, since only one beam propagated through the cord, the absolute dose delivered to the cord was small as compared to the prescription dose. The maximum point dose to the spinal cord calculated using CT-derived electron density was 14.9 Gy. Maximum dose to 2 cm 3 was only 0.57 Gy. Similarly, low doses were delivered to the eye and the optic nerve. There were only two beams propagating through each structure. Correspondingly, the maximum point dose to the eye and the optic nerve was only 19.3 Gy and 24.1 Gy, respectively, which was well below the irreversible damage threshold for both organs. Fig.1 . Dose distributions calculated for patient #1 using CT-derived density (a), homogeneous density (b), and bulk density (c). The red shaded region is primary PTV and the blue is secondary PTV. Primary PTV was prescribed at 7000 cGy, secondary PTV was prescribed at 5600 cGy. The isodose lines shown are 7490 cGy (black), 7350 cGy (light blue), 7000 cGy (green), 5600 cGy (purple), 4900 cGy (red), 3500 cGy (blue), and 2500 cGy (yellow). 
IV. dISCuSSIon
MRI often provides improved contrast resolution between different types of tissues compared to CT. Nevertheless, MRI is usually not used as a stand-alone radiation therapy simulator due to several technical limitations, one of them being lack of electron density information for treatment planning calculations. Assigning bulk electron density may overcome this problem.
Several studies conducted so far demonstrated that the use of bulk density in pelvis and brain is indeed a viable option. (9) (10) (11) (12) (13) (14) The results of this study indicate that with IMRT treatments the same approach can be extended to HN region. Due to the rather limited effect of heterogeneities in pelvis and brain, simple homogeneous geometry results in acceptable accuracy of dose calculations. HN contains heterogeneities ranging from airways to cortical bone and, as such, is more prone to its effects in dose calculations. Indeed, homogeneous calculations done in this work resulted in dosimetric parameters describing PTV coverage that differed by more than 2% in seven out of ten patients. For OARs, deviations larger than 2% were observed in eight out of ten patients. Therefore, homogeneous geometry is not a valid approach for HN region.
The problem can be corrected by segmenting various tissues and assigning them a bulk density. To improve accuracy, it is preferable to segment as many tissue types as possible and assign them appropriate density. Unfortunately, such approach is not practical. With multiple beams used in IMRT, the impact of various heterogeneities encountered in the HN region on the overall dose is reduced. Hence, high dosimetric accuracy may be achieved by using a limited number of bulk densities. In particular this paper demonstrated that by using just three different density overrides (bone 1.5 g/cm 3 , air cavities 0 g/cm 3 , all other tissue 1 g/cm 3 ), one could significantly improve accuracy of dose calculations. All the parameters used in this paper to describe PTV coverage for all ten patients were well within 2% of the CT-derived density calculations. Dose calculations for OARs had higher deviations because OARs were usually not encompassed by all the beams used in the treatment plan. That increased the effect of the heterogeneities on the overall dose delivered to OARs. Nevertheless, only one patient showed deviations exceeding 2%. The OARs with significant deviation (> 2%) were irradiated by only one or two treatment beams in the IMRT plan. Correspondingly, they were located in the low-dose regions where small differences in absolute dose resulted in higher relative change. But the dose delivered to them was well below the prescription dose, as well as the permanent damage threshold. Based on the data presented here we conclude that, if bone and air cavities are overridden with proper density, it is feasible to use bulk electron density approach for IMRT treatment planning of HN cancers, which may overcome the problem of the lack of electron density information in MRI images.
V. ConCLuSIonS
The paper demonstrated that by assigning bulk electron density to bones and air cavities, high dosimetric accuracy could be achieved for dose calculations for HN patients treated with IMRT even in the absence of detailed electron density information provided by CT. This may potentially overcome the problem of the lack of electron density information provided by MRI. As such, it makes the use of MRI as a stand-alone radiation therapy simulator for HN patients one step closer to reality. 
